Introduction
The last decade has witnessed a transformation in the approach to and understanding of the membranoproliferative glomerulonephritis (MPGN) lesion. Our understanding of the role that abnormalities in the alternative complement pathway play in the pathogenesis of some forms of MPGN has led to a reclassification of the lesion into immune complex-mediated versus complementmediated disease. Simultaneously, the advent of anticomplement therapy with eculizumab, a monoclonal antibody that binds with high affinity to C5 and which has drastically altered the treatment paradigm of diseases like atypical hemolytic uremic syndrome (aHUS) and paroxysmal nocturnal hemoglobinuria (PNH), has fostered interest in using this therapeutic strategy in MPGN. The ability to selectively target components of the complement pathway offers unique avenues to change the natural history of glomerular diseases. However, this treatment strategy may also be associated with unforeseen consequences, including unintended infectious adverse events, stimulation of earlier components of the complement pathway, and the potential need for lifelong therapy. This review surveys current data on the role of eculizumab in treating MPGN and attempts to identify which MPGN patients might benefit from this therapy.
What Is a C3 Glomerulopathy?
The complement system is divided into three initiating pathways -the classical, lectin, and alternative pathways -that all converge at C3 to generate an enzyme complex, the C3 convertase, which cleaves C3 into C3a and C3b. The association of C3b with C3 convertase results in generation of C5 convertase, which cleaves C5 into C5a and C5b. This cleavage triggers the terminal complement cascade, which is comprised of C5b, C6, C7, C8, C9, and regulators of these terminal complement proteins, such as clusterin and vitronectin. The terminal complement cascade culminates in the assembly of the membrane attack complex (MAC; also known as C5b-9) and subsequent cell lysis. While all three pathways converge at a similar level and have, therefore, similar downstream targets, the pathways are distinct in their points of origin. Furthermore, the alternative pathway is constitutively active, and thus enhanced activity of this system is generally due to a loss of regulation. In contrast, the classical and lectin pathways are not constitutively active and need a 'trigger' to stimulate activity.
Until recently, the traditional view of complement's role in glomerulonephritides such as MPGN was focused on the classical complement pathway. Immune complex deposition on immunofluorescence microscopy signaled that antigen-antibody interactions had triggered the classical complement pathway. More specifically, the presence of both immunoglobulin (IgG, IgM, and/or IgA) and complement (C1q and/or C3) on immunofluorescence microscopy inferred that the classical pathway had been activated by an inciting cause or event that generally fell into one of three major categories: infectious, autoimmune, or malignancy associated [1] . Treatment of these lesions, therefore, was appropriately focused on the trigger for the classical pathway, exemplified by the use of antiviral therapy in hepatitis C-associated MPGN compared to high-dose and relatively nonspecific immunosuppression in 'idiopathic' (presumed autoimmune) MPGN.
During this time, however, pathologists began emphasizing in their reports the presence of isolated deposits of C3 in examples of MPGN type I and type III that were similar to the C3-only staining pattern of dense deposit disease (DDD; formerly termed MPGN type II, a misnomer given that many patients demonstrate the classic ultrastructural changes of electron densities along the glomerular basement membrane of DDD without a MPGN pattern on light microscopy). These immunoglobulin-negative cases were distinct from the more common variants of type I and type III MPGN, which contained immunoglobulin, and were initially called idiopathic MPGN with isolated C3 deposits. The name C3 glomerulonephritis (C3GN) eventually took hold to mesh these cases with others without MPGN histologic patterns by light microscopy (e.g. mesangioproliferative GN, crescentic GN) [2] . Finally, the term C3 glomerulopathy, which encompasses both DDD and C3GN, has been proposed as an umbrella classification for any GN with isolated C3 staining that signals an antibody-independent means of complement deposition and, subsequently, dysregulation of the alternative complement pathway [3] .
Eculizumab: Anticomplement Therapy Targeting C5
The alternative complement pathway is constitutively active at a low level. The term 'tickover' has been used to describe this basal, physiologic activation of the alternative pathway by spontaneous hydrolysis of C3 and the production of C3b, which binds factor B to yield a fluid phase C3 convertase (C3bBb) [4] [5] [6] . This alternative pathway C3 convertase, though, is under tight modulation by soluble or membrane-bound regulating proteins, including complement factor H, complement factor I, and membrane cofactor protein (MCP) ( fig. 1 ). Thus, a genetic or acquired (i.e. via autoantibodies) defect in either the activation or modulation of the C3 convertase could lead to a transformation from low-grade physiologic activity ('tickover') to unrestrained hyperactivity (diseases of complement dysregulation) [5] [6] [7] [8] [9] [10] [11] [12] . In these instances, therapies aimed at specific components of the alternative complement pathway may prove to be effective, targeted therapies.
The first available anticomplement therapy was eculizumab, a fully humanized monoclonal antibody that binds with high affinity to C5 and prevents the generation of MAC. Eculizumab was first approved for the treatment of PNH [13] and, more recently, for treatment of aHUS based on treatment data from 27 patients treated in offlabel studies and 37 patients in two phase II trials [14] . The success of eculizumab in treating PNH and aHUS has raised expectations that the drug may prove equally beneficial in the C3 glomerulopathies, which share many of the same abnormalities in alternative pathway regulation as aHUS and PNH. The literature to date on using eculizumab for C3 glomerulopathies is limited to 8 case reports [15] [16] [17] [18] [19] [20] [21] [22] and the results from a 1-year, open-label study of eculizumab therapy in 6 subjects [23, 24] . All but 1 of the 8 case reports document beneficial effects of eculizumab in treating patients with C3 glomerulopathies with improvements in serum creatinine, serum albumin, and/or proteinuria ( table 1 ) [15] [16] [17] [18] [19] [20] [21] [22] . Notably, the one case report that did not show clinical improvement when treating recurrent C3GN in the allograft with eculizumab was supported by protocol biopsies at 6 and 12 months of treatment, which demonstrated progression of disease at the histopathologic level [20] .
An open-label study of eculizumab therapy in 6 subjects with C3 glomerulopathies (3 with DDD, 3 with C3GN, 3 with disease recurrent in allograft kidney) was published in two parts, one focusing on clinical response to therapy [23] and one focusing on the results of biopsies done before and after treatment [24] . All subjects were treated with eculizumab for 1 year with the same dosing schedule used for aHUS. Subjects had proteinuria >1 g/ day and/or acute kidney injury (serum creatinine ≥ 150% baseline) at enrollment. After 1 year of therapy, 2 subjects demonstrated significantly reduced serum creatinine with decreased mesangial and/or endocapillary proliferation on light microscopy, 1 subject attained remission of nephrotic syndrome with reduced mesangial proliferation on light microscopy and partial resorption of deposits on EM, and 1 subject had stable laboratory parameters but significantly reduced mesangial and endocapillary proliferation on light microscopy. The 2 remaining patients, however, demonstrated steeply declining renal function during treatment. Regulation of the alternative complement pathway. The alternative pathway is constitutively active due to the 'tickover' phenomenon of spontaneous hydrolysis of C3-C3b. This basal, physiologic activity is tightly regulated by activating proteins of the alternative pathway (e.g. C3, factor B, factor D, properdin; all in green) and inhibitory or regulatory proteins of the alternative pathway (e.g. factor H, factor I, MCP, factor H related proteins; all in red). A gain of function mutation in an activating protein or a loss of function mutation in a regulatory protein can lead to hyperactivity of the pathway; likewise, an autoantibody directed at either an activating or inhibitory protein could shift the alternative pathway from low-grade physiologic activity to pathophysiologic hyperactivity. Taken together, the results of the case reports and open-label study indicate that eculizumab may be an appropriate treatment for a subgroup of patients with DDD and C3GN, but clearly does not fit all patients with C3 glomerulopathies and may carry the potential for worsening of disease in some patients. This variation in response to C5 blockade highlights the differences between C3 glomerulopathies and aHUS. Some investigators have suggested that aHUS should be considered part of a spectrum that includes DDD and C3GN, given the overlap in genetic abnormalities (e.g. mutations in factor H, factor I, MCP, C3 and factor B) and autoantibodies (e.g. anti-factor H autoantibodies) reported in these diseases [7, [25] [26] [27] ] . Yet, aHUS differs from the C3 glomerulopathies in where the alternative pathway dysregulation occurs. The alternative pathway consists of a network of complement proteins in either the fluid phase, as soluble plasma proteins, or in the solid phase, as cell membrane proteins. The underlying defect in most instances of the C3 glomerulopathies (and in all cases of DDD) is felt to be excessive activation of the alternative complement pathway in the fluid phase [28] [29] [30] . In contrast, the endothelial damage that is the hallmark of aHUS is due to dysregulation at the level of the cell membrane, or in the solid phase [4] . This solid-phase dysregulation makes aHUS a more homogenous disease than the C3 glomerulopathies in terms of prognosis and response to anti-C5 therapy.
The solid-phase dysregulation in aHUS translates to C5 convertase dysregulation being at least equal and often greater than C3 convertase dysregulation. Hence, blockade of C5 in this disease is expected to yield improvement. In contrast, the heterogeneity of fluid-phase dysregulation in C3 glomerulopathies in some cases is associated with C3 convertase dysregulation being greater than C5 convertase dysregulation and in other cases with C5 convertase dysregulation being greater than C3 convertase dysregulation [31] . Only the latter cases would be expected to respond to eculizumab, and the former cases, due to a feedback effect on C3 convertase activity, could potentially be aggravated by C5 blockade. Therefore, one of the major challenges in treating patients with C3 glomerulopathies with anticomplement therapy is how to distinguish the patient with primarily C3 convertase dysregulation from the patient with primarily C5 convertase dysregulation. Speculatively, the C3Nef = C3 nephritic factor; Salb = serum albumin; Scr = serum creatinine. 1 Creatinine and proteinuria levels were unchanged during 1 year of therapy while repeat allograft biopsies at 6 and 12 months showed continuously active GN with increased chronicity. mass spectrometry techniques reported by Sethi et al. [32] , which have shown components of the alternative and terminal complement pathway in glomeruli of patients with C3 glomerulopathies that were neither seen in glomeruli of normal controls nor, to the same extent, in glomeruli of patients with immune complex-mediated MPGN, hold the potential to distinguish deposits primarily composed of breakdown products from C3 convertase hyperactivity versus C5 convertase hyperactivity. Levels of soluble MAC (sMAC), which can be measured from whole blood samples, may also be informative, as elevated levels in a patient with C3 glomerulopathy likely implicate a high degree of C5 convertase dysregulation [31] . Indeed, in the open-label study of eculizumab for DDD and C3GN, the sMAC levels of the responders normalized immediately on therapy and paralleled improvements in serum creatinine and proteinuria, while the nonresponders had normal levels of sMAC prior to therapy [23] . These observations hold forth the promise that elevated sMAC prior to eculizumab treatment may be a predictor of response. Conversely, normal sMAC levels may be a contraindication to using this therapy.
Duration of Therapy with Eculizumab
Eculizumab was engineered to target C5 while minimizing its own potential to elicit an inflammatory response. The C5-specific variable regions were fused to a kappa light chain and a hybrid heavy chain created from portions of IgG2 and IgG4. IgG2 constant region 1 and hinge region were chosen because they do not bind Fc receptors or activate complement. IgG4 constant regions 2 and 3 were selected for their inability to activate complement [33] . Dosed intravenously, eculizumab has a half-life of approximately 11 ± 3 days, allowing for a maintenance dosing of every other week once the drug has been loaded. Effective and complete complement blockade by the drug can be monitored by conventional CH50 assays [33] .
Despite such well-defined pharmacokinetics and pharmacodynamics, a major and still unresolved issue for eculizumab therapy is whether the drug must be considered lifelong therapy. This question, which applies to use of eculizumab in its approved indications (aHUS and PNH) as well as its off-label use in C3 glomerulopathies, is influenced heavily by the exceedingly high cost of treatment and the increased potential for infection with prolonged complement suppression. Nonetheless, prior experience with eculizumab in treating PNH has involved prolonged, often lifelong, courses of therapy due to the relapsing nature of the disease, a similar phenomenon seen with aHUS [34, 35] . Currently, most patients who begin therapy with eculizumab for PNH or aHUS are presumably embarking upon a lifelong course of therapy. However, a recent series from Ardissino et al. [36] reported 10 patients with aHUS who voluntarily discontinued eculizumab maintenance therapy and concluded that careful home monitoring for relapse may allow such a maneuver. Three of the 10 patients relapsed within 6 weeks of stopping therapy but, with immediate resumption of therapy, experienced complete clinical recovery; the other 7 patients, with follow-up times up to 2 years, appeared by clinical parameters to be free of TMA off therapy.
As described above, all but 1 patient from the 8 published case reports on eculizumab therapy of C3 glomerulopathies showed clinical signs of response; these 7 patients remained on therapy at the time of publication. We have more available information on outcomes after discontinuing eculizumab from the open-label study of eculizumab therapy at Columbia University Medical Center. Four of 6 subjects with C3 glomerulopathies were considered responders to eculizumab after 1 year of therapy, at which point treatment was discontinued with close clinical follow-up. Two of these 4 subjects required almost immediate resumption of therapy. One subject, with DDD in the native kidney, demonstrated a rising creatinine (1.2 mg/dl to 1.5 to 1.7) within 8 weeks of stopping eculizumab, accompanied by a rise in sMAC levels from the normal range (<0.30 mg/l) to 1.26 mg/l. Eculizumab was started and, after an additional 2 years of therapy, creatinine is in the range of 1.1-1.2 mg/dl. A second subject, with recurrent C3GN in the allograft kidney, demonstrated stable renal function 3 weeks after eculizumab was discontinued, but at 7 weeks after treatment his creatinine had risen to 8.4 mg/dl. Repeat renal biopsy showed recurrent, active C3GN with crescents. He was treated with plasma exchange, pulse steroids, and resumption of eculizumab, with some improvement in renal function (creatinine 3.8 mg/dl within 2 months after restarting eculizumab). He has remained on eculizumab, but has progressed to end-stage renal disease.
In contrast, the investigators from this study recently presented (in abstract form) [37] the results of the other two responders (both with recurrent C3 glomerulopathy after kidney transplantation), who to date have remained off eculizumab with no evidence of relapse. Both patients were diagnosed with recurrent C3 glomerulopathy within 2 months prior to initiating eculizumab therapy. Maintenance immunosuppression of mycophenolate mofetil and tacrolimus continued unchanged while on and off eculizumab. Biopsies done at completion of therapy and 1 year after completion of therapy showed mild mesangial proliferation with no evidence of endocapillary proliferation or exudative features. On electron microscopy, the resorption of electron dense deposits seen at the termination of therapy continued in biopsies done after being 1 year off therapy. Notably, in both patients, the de novo immunofluorescence staining for kappa-restricted IgG 2 and IgG 4 (suggesting binding of the monoclonal eculizumab to C5 in renal tissues) that was present in biopsies performed at completion of therapy was no longer detectable 1 year after therapy. Thus, these patients appear to have persistence of clinical and histopathologic remission of disease after discontinuation of therapy, although, it must be noted, under the auspices of dual immunosuppression for transplant rejection prophylaxis.
Conclusion
The improved understanding of the role of alternative complement dysregulation in the pathogenesis of a subgroup of MPGN, coupled with the advent of anticomplement therapies, has engendered hope that the natural history of this disease can be modified. Eculizumab, which targets complement at the level of C5, has shown some promising results in treating C3 glomerulopathies in native and allograft kidneys. Nonetheless, the 'game changing' results of this drug in aHUS likely will not extend to the more heterogeneous entities of C3GN and DDD. Indeed, as we further delineate the causes of C3GN and DDD, one of the crucial searches is identification of patients who will benefit from C5 blockade.
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